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A B S T R A C T
Plant extracts have been long used by the traditional healers for providing health benefits and are nowadays
suitable ingredient for the production of formulated health products and nutraceuticals. Traditional methods
of extraction such as maceration, percolation, digestion, and preparation of decoctions and infusions are now
been replaced by advanced extraction methods for increased extraction efficiency and selectivity of bioactive
compounds to meet up the increasing market demand. Advanced techniques use different ways for extraction
such as microwaves, ultrasound waves, supercritical fluids, enzymes, pressurized liquids, electric field, etc.
These innovative extraction techniques, afford final extracts selectively rich in compounds of interest without
formation of artifacts, and are often simple, fast, environmentally friendly and fully automated compared to
existing extraction method. The present review is focused on the recent trends on the extraction of different
bioactive chemical constituents depending on the nature of sample matrices and their chemical classes includ-
ing anthocyanins, flavonoids, polyphenols, alkaloids, oils, etc. In addition, we review the strategies for design-
ing extraction, selection of most suitable extraction methods, and trends of extraction methods for botanicals.
Recent progress on the research based on these advanced methods of extractions and their industrial impor-
tance are also discussed in detail.
© 2017.
1. Introduction
Extraction is a fundamental process for separation and recovery of
bioactive compounds from plants. It converts real matrix into a sam-
ple suitable for subsequent analytical procedure. From ancient times,
sample preparations have been conducted by various ethnic groups
worldwide, using decoction, maceration, infusion, digestion and per-
colation methods for making extract and thus utilize plants for their
therapeutic effect (Fig. 1a). These extraction techniques have come
into light during the 11thcentury and have been reported to be the old
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est techniques used so far which also form the basic principles of ad-
vanced extraction techniques. Continuing to the modernization and in-
dustrial growth era, during the 18th century an improved extraction
technique “Soxhlet Extraction” was introduced, which is an advanced
form of the digestion and decoction methods. However, these conven-
tional extraction techniques including Soxhlet, have the disadvantages
of using larger volume of solvent and also take longer time for ex-
traction of compounds with lower yield. The exponentially increas-
ing demand of herbal products and/or extracts for wider and safer ap-
plications, timely availability of high quality products with low cost
of processing and higher yield are the needs of the growing herbal/
nutraceutical medicine based industries. To meet these challenges,
there is an increased demand for alternative and non-conventional ex-
traction techniques (Fig. 1b), which have been introduced in various
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Fig. 1. Some of the (a) conventional and (b) advanced extraction techniques with their mechanism of extraction.
percritical fluid extraction (SFE), pressurized liquid extraction (PLE),
ultrasound assisted extraction (UAE), pulsed electric field assisted ex-
traction (PEF) and enzyme assisted extraction (EAE). These tech-
niques are known for their short extraction time, reduced volume
of organic and hazardous solvents, and are very simple to perform,
achieving a higher extraction yield with lower energy consumption,
thus categorized under ‘Green Extraction’ techniques [1]. As such, ex-
traction techniques are defined as green extraction, if they use alterna-
tive solvents, reduce energy consumption and ensure safety and high
quality of the extract [2].
The use of microwave energy for extraction from biological ma-
trices was first described in 1986 by Ganzler [3]. Two types of in-
struments are available for MAE, the most commonly used is the ex-
traction in a closed vessel under controlled pressure and temperature,
while the second consists of an open extraction vessel under atmos-
pheric pressure conditions and the maximum temperature that can be
reached based on the solvent boiling point. MAE uses electromag-
netic radiation (300 MHz–300 GHz), which is used to heat the sam-
ple by continuous dipole rotation (dielectric heating) and by the fric-
tional resistance to the ion flow, both of which induce an increase in
thermal energy, thus increasing the extraction efficiency [4]. The ex-
traction efficiency under microwave depends on the nature of both
solvent and sample. The solubility of the different compounds to be
extracted can be maximized by fixing the solvents mixture ratio and
controlling the temperature. MAE has a number of advantages, includ-
ing the extraction of both volatile (solvent extraction) and non-volatile
(dry extraction) compounds. Nevertheless, many laboratories have
used the microwave energy for synthetic, analytical and processing
applications.
UAE was introduced in around 1950 for making beer from hops
[5,6]. Since then, using this technique, different types of secondary
metabolites from a variety of plant matrices have been efficiently ex-
tracted and analyzed. UAE uses ultrasonic energy (>20 kHz) for ex-
traction using either ultrasonic bath and/or ultrasonic probe. It works
on the principle of making cavitation bubbles which collapse and pro-
duce higher shear, which results in complete extraction. More specif-
ically, during UAE of plant material, the suspended powdered sample
induces asymmetric bubble collapse, thus results in more efficient ex-
traction [7]. UAE also generates reactive oxygen species (ROS) dur-
ing sonolysis [8], which results in lower concentration and degrada-
tion of some of the compounds [9,10]. Additionally, the kind of pre-
treatment applied on the plant material to be treated will also con-
tribute to extraction performances. UAE has been widely investigated
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lower temperatures than normally used, reduction of solvent volumes
and enhancing extraction and purity.
In 1940s, the first application of electric fields on food was intro-
duced as a method of increasing the extraction of juice from fruits,
which today is one of the major fields of PEF application [12]. In the
1960s, Sale and Hamilton [13] studied the microbial inactivation ef-
fect exerted by PEF. After this interesting finding, in the 1980s, PEF
applications were developed for the preservation of foods. In addition
to its application in food preservation processes (due to enzymatic and
microbial inactivation), PEF technology is currently being applied as
a pre-treatment in the extraction processes of fruits and vegetables, as
wine quality enhancer, in the recovery of valuable compounds, and in
lipid extraction for bio-refinery [14]. It is a non-thermal technology
based on the electroporation phenomenon on cell membranes, which
occurs when a moderate or high electric field (0.1–50 kV/cm) is ap-
plied to living cells, with subsequent short duration pulses (μs), lead-
ing to a loss of influx and efflux transport selectivity, increasing per-
meability and promoting mass transport [14,15]. The first patent on
PEF extraction from plant materials was registered in 2009, based
on observed positive effects of electroporation on the permeability of
plant tissues. Facilitating the efflux of water and solutes from intra-
cellular to extracellular spaces enhances the extraction of phytochemi-
cals, with the patent specifically focusing on carotenoids. A maximum
extraction yield percentage of 68.8% lycopene from tomatoes was ob-
tained in comparison with untreated samples [16,17].
Enzyme-assisted extraction (EAE) is another advanced extraction
technique which has been developed to reduce the use of solvents, as
employed in traditional extraction procedures, reducing environmen-
tal impact and energy process inputs [18]. This innovative extraction
method is based on increasing the permeability of cell plasmatic mem-
brane or cell wall through the hydrolytic action of enzymes (α-amy-
lase, cellulase, pectinase and protease), which aids the extraction of
the compounds of interest, such as natural pigments, polysaccharides,
flavors and bioactive compounds. EAE allow the use of an aqueous
solution and mild processing conditions to obtain an extract for vari-
ous industrial applications. The enzymes used are mostly derived from
microorganisms, but also could be obtained from plants and animals
[19].
During recent time, greater emphasis has been given on green ex-
traction of compounds. This can be achieved by the application of
sub- and supercritical fluids (ScF) in the extraction process [20]. ScF
can be applied in many ways; as a reaction medium, as solvents for
precipitation and micronization, as mobile phase for chromatography,
and as solvent for extraction process [21]. Utilizing the ScF, it is eq-
uitable to adopt the supercritical fluid extraction (SFE) process at in-
dustrial scale for separation of components having high commercial
value including nutraceutical, pharmaceutical and food additives with
high feed to solvent ratio [20]. The SFE process is an alternative sam-
ple preparation method that reduces the use of organic solvents and
increases the output. SFE involves use of gases, usually CO2 for the
extraction process. The critical point that is the optimum temperature
and pressure at which the substance can vaporize is very important in
SFE, which is more profitable over the classical extraction methods
considering the environment. It is the most technologically advanced
extraction system [22] and finds widespread application in environ-
mental, chemical, food, agriculture, pharmaceutical and nutraceutical
industries [21,23]. In another ScF method, supercritical antisolvent
fractionation (SAF) uses CO2 as antisolvent, because polar and high
molecular weight compounds insoluble in CO2 can be recovered in
separator chamber and separated from non-polar components of the
matrix. SAF provides a continuous contact between Sc CO2 and
polar liquid mixture under pressurized chamber. This will allow the
precipitation of polar components from the liquid mixture insoluble
in Sc CO2, while the other non-polar components dissolved in Sc
CO2 flow and are recovered by downstream pressure reduction sys-
tem [24,25]. The main advantage of SAF is the lipophilic character
of CO2 that allows separation and concentration of polar compounds
from organic extracts. SAF permits to work at reduced temperatures,
in absence of oxygen and light. Furthermore, CO2 is inexpensive, re-
cyclable and non-toxic.
In the recent years, numerous applications of pressurized liquid
extraction (PLE) have been developed concerning the extraction of
bioactive compounds from plants [26,27] along with comparison of
PLE extracts obtained according to pharmacopoeia monographs [28].
This method using water as a solvent is extremely suitable for re-
covery of bioactive compounds and seems to be milder compared to
other techniques, avoiding the production of artifacts. This research
approach responds to the need of our society that requires a reduc-
tion of wastes, as well as their valorisation, transforming waste into
a resource. Recently, a new type of cavitation extraction method has
been introduced in the year 2009, which generates cavitation by neg-
ative pressure and named as negative pressure cavitation extraction
(NPCE). Among many advantages, such as lesser extraction time,
green extraction, higher efficiency, etc., NPCE has been widely used
in the extraction of thermolabile compounds. Its efficiency has not
been found lower than that of ultrasonic cavitation, and a number of
bioactive compounds have been extracted using NPCE [29–35].
All these extraction techniques have proven effective in extraction
of various bioactive compounds from vegetal matrices and have fol-
lowed basic principles of maximizing the yield of extraction; adapting
demands of industry; clarifying impurities and toxic compounds; pre-
venting deterioration and loss of functionality during extraction; thus
ensuring food grade of final products [36]. Among all the aforemen-
tioned extraction techniques, it is crucial to pick the most appropri-
ate extraction method. Therefore, one should pay a great attention to
some critical points during extraction. For instance; factors, like use
of the correctly identified plant material (hard/soft), appropriate col-
lection time of the plant and its part, drying, grinding, and powdering
method, particle size, solvent selection for targeted compounds, num-
ber of extraction cycles, temperature, extractor type and design, may
influence the extraction yield and quality of the extract [37–39].
Various review have been published in this direction, mainly deals
with either a single/few method of extraction [40–43], focused on a
specific compound and its class [44,45] or tissue/plant type [44,46],
deals with different extraction techniques for a specific compound
class [45] or basic operating process or not recently reviewed [47,48].
However, some of the recently published reviews have limited scope
of either dealing with compound classes [49] or extraction techniques
[7,8,50–52]. Thus, our present review will not only provide recent ad-
vances in extraction but also have wider scope in understanding vari-
ous extraction methods used over chemical compounds and its selec-
tion criteria over wider variables/factors. Also, the trends of extrac-
tion techniques, industrial relevance/importance and optimization de-
sign will help to understand and prioritize the wider possibilities for
selection of suitable extraction methods (Fig. 2).
2. Critical analysis of extraction methods
2.1. Compound classes and tissue matrix types
Plants are being used for various purposes i.e. food, fuel, fodder,
goods, etc. and also to extract bioactive compounds (i.e. polyphe-
nols, alkaloids, anthocyanins, flavonoids, phenolic acids, carbohy-
drates, polysaccharides, essential oils, etc.) which are found effec-
tive against a vast number of health complications. The successful
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Fig. 2. Preferred advanced extraction techniques and plant parts used for extraction of different compounds.
chemical properties as well as plant parts and tissue matrices type.
Cell structure, bound or free form of compounds, moisture content,
and particle size are among the most important properties of a plant
subjected to extraction as describe by Vinatoru et al. [7]. These prop-
erties must be considered in designing extraction methods. Moreover,
extraction efficiency or condition may vary depending on the physio-
chemical properties of the compound of interest. As such, various ex-
traction methods have been tested to extract compounds from different
plant parts and some of them are discussed below.
2.1.1. Extraction of polyphenols
Bobinaitè et al. [53] studied the application of PEF as a pre-treat-
ment in the juice extraction process starting from blueberry fruits and
their by-products (press cake) to increase the polyphenol content [53].
The results showed that in mild PEF-treated samples, the level of
total phenolic and anthocyanin content significantly increases com-
pared to non-treated samples, for both juice and cake extracts [53].
Almost at the same time, Zderic [54] tried to develop new process
to extract polyphenolics from tea leaves, as conventional tea pro-
cessing methods (such as cutting, rolling, drying) and the high tem-
peratures required to destroy remaining enzymes, lead to a loss of
these bioactive molecules [54]. The authors found that under opti-
mum PEF conditions (1.1 kV/cm field intensity, and 50 pulses with a
0.0001s duration) the extraction yield was 32.5% [54]. Luengo et al.
[55] executed a study on improving polyphenol extraction from or-
ange peels. In PEF-pretreated samples, the total polyphenol extraction
yield increased by153% when a PEF of 5 kV/cm was applied, in com-
parison with non-pretreated samples [55]. Moreover, an increase in
naringenin and hesperidin content was observed; the increase in narin-
genin levels ranges from 1.3 to 4.6 mg/100 g of fresh orange peels,
while for hesperidin the increase ranges from 1 to 3.1 mg/100 g of
fresh orange peels. Consistently, PEF require no use of organic sol-
vents and thus have greater acceptability in formulating toxic free ex-
tract [55]. For the extraction of high polyphenol content juice from
Amla (Phyllanthus emblica), an Indian fruit widely used for its health
properties, Bansal et al. [56] used PEF technology, focusing their at-
tention on quercetin and ellagic acid [56]. Amla juice produced us-
ing conventional techniques is characterized by low quality in terms
of phenolic compounds and vitamins. The results of this study show
that the application of electric field with strength of 22 kV/cm, for
500 μs, increases quercetin and ellagic acid concentrations in amla
juice, nine times and two times respectively, compared to samples
processed under conventional extraction methods [56]. Further, PLE
was also found suitable for polyphenolic extraction over UAE and
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Using separation and detection method, a rapid and sensitive PLE/
HPLC-ESI-MS/MS method was developed for quantification of
bioactive components of Radix Astragali [58]. In addition, PLE/
GC–MS was used for the identification and quantification of ferulic
acid, ligustilide and other phthalides in Angelica sinensis [59]. Other
articles have shown quicker and high yield extraction of polyphenols
via PLE with respect to conventional techniques [60–62].
Demanding of high-quality polyphenols increases because of their
wider applications in nutraceuticals, pharmaceuticals, and cosmeceu-
ticals industries. To meet up the increasing demand of polyphenolics,
SFE was introduced. As such, Da Porto [63] used SFE for maximize
extraction of polyphenolics from the seeds of Vitis vinifera. The opti-
mum TPC content was recorded at lower pressure of 80 bar as com-
pared to 120 bar along with increasing the co-solvent concentration
from 10 to 20% (w/w). Unlike the later findings, complete opposite ef-
fect of pressure was found on polyphenolic extraction in SFE [64,65],
which may be due to the fact that they have used a single-step extrac-
tion method while Da Porto [63] used two-step extraction (Sc CO2
and Sc CO2+co-solvent) for removal of non-polar and polypheno-
lics, respectively from grape seeds. Removing non-polar compounds
at first and increasing the co-solvent polarity, improve polyphenolic
extraction yield under SFE [66]. Similarly, increasing the flow rate,
prolong the contact time between solvent and extracted compounds, so
the mass transfer increases. Comparative study between UAE, macer-
ation and HAE was performed for polyphenolic extraction from Thy-
mus serpyllum herb. UAE showed the highest TPC, followed by HAE
and the maceration showed the lowest TPC [67].
The release of polyphenolics was also enhanced by the hydration
of the cell wall, thus increasing their yield through facilitating the pen-
etration of solvent, and thereby the efficiency of total polyphenols ex-
traction and the release of soluble polyphenols from the plant cell vac-
uoles were enhanced [68]. As such, the polyphenolics extraction from
Ulmus pumila barks was performed by using three enzymes as a mix-
ture, which included cellulase 200 U/g sample, pectinase 20 U/g sam-
ple and β-glucosidase 16 U/g sample under enzyme assisted extraction
(EAE) [69]. Increasing incubation period up to 90 min could increase
the yield but caused a slight decrease of TPC. This may be because of
possible degradation of the polyphenolic or may be due to conversion
of polyphenols to new compounds.
Zhou et al. [69] also compared the optimum incubation time to ob-
tain maximum TPC using EAE, UAE and conventional heated extrac-
tion (CHE), where the UAE needed just 50 min, while EAE and CHE
needed 62 and 80 min, respectively [69]. This was explained by Ramic
et al. [70] who mentioned that the ultrasonic power brakes down the
plant cell walls and thus aid the extraction of polyphenols [70]. But on
the other hand, EAE showed the highest TPC, followed by UAE, then
CHE. These results could be also attributed to the higher ability of the
trienzyme mixture to hydrolyze the plant cell walls and crushing of the
microstructure of plant cells promoting a more abundant release of the
polyphenols bound in cell's content. Similar findings were obtained by
Mushtaq et al. [71] when he tried a hydrolyzing complex of the cell
wall of pomegranate peels which led to an enhanced recovery and lib-
eration of polyphenols.
Another eco-friendly extraction technique of polyphenols is MAE,
which can be considered as a powerful tool for extraction of natural
compounds from plants. However, numbers of the papers are pub-
lished with MAE of polyphenolics showed that MAE causes degrada-
tion of polyphenolics due to excessive heat (>100°C) [72] and could
be avoided by minimizing the temperature exposure during MAE
[73–75]. Recently, special equipment was developed which allowed
the microwave heating of plant material using a slot end coaxial an-
tenna into a microwave applicator provided with an efficient cooling
system [76]. The equipment aimed for achieving a high specific ab
sorption rate at low temperatures especially on applying low stirring
rates where a non-uniform heating was obtained that could properly
prevent degradation of the extracted natural products. The extracts ob-
tained by this equipment from the leaves of sea buckthorn showed
higher TPC and higher antioxidant power when compared to the ex-
tracts prepared at the same temperature profile and in the same ex-
traction cell by conventional methods [76]. Also, a novel extraction
method combining microwave and negative pressure was used for ex-
traction of polyphenols from Pyrola calliantha using ionic solvent
[29]. The extraction yield was found to be higher as compared with
MAE and NPCE.
2.1.2. Extraction of flavonoids
Xie et al. [77] reported a novel use for MAE for the extraction of
flavonoids (especially vitexin and isovitexin) from Crotalaria sessil-
iflora, a leguminous plant used in Chinese medicine for the treatment
of many types of cancer and cardiovascular diseases [77]. They com-
bined MAE with another emergent technology, aqueous two-phase ex-
traction (ATPE), a method that allows the separation of target con-
stituents and impurities with biphasic extraction and high selectivity
[77]. MAE coupled with HPLC provides a one-step process for si-
multaneous extraction and purification of molecules of interest. Due
to high water content, this method results in an increase in extraction
yield (355.3 μg/g for vitexin and 235.9 for isovitexin μg/g) and re-
covery (94.14%–105.5%), and a lower environmental impact [77]. In
the year 2017, the same research group developed a different method
of flavonoid extraction from C. sessiliflora, combining MAE with
cloud-point extraction, a novel extraction technique which splits plant
extract constituents beyond their cloud-point temperature by the ef-
fects of a non-ionic surfactant. Thus, at the end of the process, hy-
drophobic molecules are present in the surfactant-rich phase, and
hydrophilic molecules are suspended in the aqueous phase. Unlike
the microwave-assisted aqueous two-phase extraction process, mi-
crowave-assisted cloud-point extraction is a two-step process charac-
terized by higher selectivity and higher extraction yield (601.4 μg/g
for vitexin and 386.7 for isovitexin μg/g) [78].
PLE coupled with reversed-phase liquid chromatography
(RP-LC-PDA) were used for the isolation and detection of phytoe-
strogenic isoflavones in the extract from the aerial part of Trifolium
species. This study showed that PLE is found to be advantageous in
term of sample preparation, low cost of reagent and higher yield of
isoflavone aglycones and had good precision and accuracy compared
to conventional extraction [79].
A study was done by Wang et al. [80] on subcritical extraction
of flavonoids from the leaves of Moringa oleifera. The aim of the
study was to find the optimum condition for large scale extraction of
flavonoids using subcritical ethanol extraction method. The optimum
conditions involved extraction temperature of 126.6°C, and extraction
time of 2.05 h using 70% ethanol. In order to obtain a yield of 2.06%
of flavonoids, the subcritical extraction used only 4 h, while the tradi-
tional ethanol reflux needed nearly half a day. This means that the tra-
ditional method spent twice as much energy as subcritical extraction.
Xi and Yan [81] optimized the conditions such as pressure, ethanol
concentration, and solvent to solid ratio, temperature and extraction
time for proper PSE extraction of flavonoids from Flos Sophorae
and compared it with HRE. Yield of flavonoids was improved by
increasing the pressure up to 450 MPa, after that any increase in
the pressure caused a decrease in the yield of flavonoids. There-
fore, 450 MPa was optimum for extraction of flavonoids. These re-
sults could be explained by Xi and Luo [82], who found that in-
creasing the pressure has positive effect on the solvent viscosity, dif-
fusion and surface tension, thus increases solubility of the natural
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compounds. Xi and Yan [81] had also shown that higher yield of
flavonoids were recorded at higher ethanol concentration (up to 75%),
and any further increase in ethanol concentration beyond 75% will
decrease the flavonoids yield. This may be due to that 75% aqueous
ethanol represents the most suitable polarity for flavonoids extraction
and also the presence of water increases the swelling index and con-
tact surface area of plant material with the solvent [83,84]. The yield
of flavonoids was also increased by increasing liquid to solid ratio up
to 30 mL/g but any further increase in this ratio didn't cause any im-
provement in the flavonoid yields. On comparing PSE with HRE using
the optimum conditions, it was found that PSE yield 200 ± 8.63 mg/
g of flavonoids in 5 min as compared to only 148 ± 9.76 mg/g for 2 h
under HRE. The higher efficiency of PSE could be attributed to the
effect of high pressure that can cause cell disruption and reduction of
particle size leading to increase in contact surface area and thus make
better access of target compounds to solvent [82].
Another effective technique for flavonoids extraction is MAE.
Blackcurrent mark has been extracted under homogenate–mi-
crowave-assisted extraction (H-MAE) for flavonol and anthocyanins
[85]. Both, these compounds are unstable under neutral or alkaline
conditions [86,87], therefore acidic solution was used for the ex-
traction. Moreover, these compounds are sensitive to oxidation and
thus different antioxidant were added to the extracting solvent. The
extraction yield of both flavonols and anthocyanins, were found to
be highest for tert-butylhydroquinone (2180 ± 96 μg/g), followed by
butylated hydroxytoluene(2010 ± 92 μg/g) and hydrox-
yanisole(1700 ± 78 μg/g). Similarly, the yield was increased with in-
creasing homogenisation time from 1 to 3 min, with further increase
in time showed no significant result [85]. These high temperature ex-
traction techniques may also cause compound degradation and thus
need some alternative method for extraction of these compounds with
higher extraction yield. As such, NPCE uses lower extraction temper-
ature and the extraction yield of flavonoids was found to be higher as
compared to UAE, MAE and HRE from pigeon pea [30].
2.1.3. Extraction of anthocyanins
The conventional solvent extraction of anthocyanins is sol-
vent-wasting and time consuming, as well as low yield [88]. On the
other hand, thermal extraction over an optimum period of time may
cause the decomposition of anthocyanins and may also lead to the
loss of bioactivity [89]. Using advanced extraction methods have ad-
vantages for anthocyanins extraction. For instance, in EAE of antho-
cyanins from freeze dried fruit samples of Prunus nepalensis, results
indicated that the highest anthocyanin content was obtained with cel-
lulase enzyme followed by pectinase [90]. Moreover, the rise in tem-
perature up-to 40°C increases the anthocyanin yield, but further in-
crease in temperature decreases the yield. Higher temperature might
result in deactivation of the enzymes resulting in reduced catalytic ac-
tivity [91]. In addition; higher temperature causes thermal degradation
of anthocyanins [92]. Further, excess of water retards the enzymatic
process due to the formation of an interface that prevents the solvent
dispersion into the substrate [93,94].
Recently, Feuereisen et al. [95] had introduced the PLE method for
extraction of anthocyanins from Brazilian pepper fruits. For an effec-
tive extraction, it was necessary to get defatted the drupe grit by ASE
(Accelerated Solvent Extraction) with petrol ether at 60°C for a sta-
tic period of 6 min. Without defatting, diffusion of the solvent was
hindered and the yield was decreased. Thereafter, the extraction of
anthocyanins from exocarps was performed using PLE and the ideal
conditions were determined experimentally to be 100°C for 10 min
static time and the optimum concentration of ethanol and acetic acid
were 54.5% and 5%, respectively. For exhaustive extraction of antho-
cyanins from exocarps two cycles were applied each continuing for
10 min. A method based on PLE combined with UAE has been devel-
oped for the recovery of anthocyanins from residues of Rubus frutico-
sus, Vaccinium myrtillus and Eugenia brasiliensis. The extraction ef-
ficiency for anthocyanins increases on applying UAE in combination
with PLE as compared to PLE alone [96]. These advanced extraction
techniques save time, solvent and thus are economically viable. For
instance, only ∼72% of silymarin was extracted in 5 h of soxhlet ex-
traction as compared to PLE which was operated at 125°C for 10 min
[97].
UAE has been extensively used to extract anthocyanins from plant
materials [98,99]. In order to obtain a maximum yield of anthocyanins,
it is important to specify the optimum extraction conditions for UAE.
For extraction of two or more compounds, having different physico-
chemical properties different approach needs to be followed. For in-
stance, Espada-Bellido et al. [100] used the UAE method for the ex-
traction of anthocyanins and phenolics from the Morus nigra pulps un-
der different extraction conditions. The extraction was performed by
using an ultrasonic system inside a temperature controlled water bath.
Under this, the optimum extraction condition for both anthocyanins
and phenolics were found to be different. For instance, 76% methanol
having pH 3 was used for optimum anthocyanin extraction, while only
61% methanol (pH 7) was used for phenolic extraction. However, a
higher temperature of 64°C was used for phenolic as compared to
48°C for anthocyanin extraction. Anthocyanins are sensitive to tem-
perature and thus minimum extraction temperature is required for their
extraction. In addition, the pH sensitive extraction of anthocyanins re-
quires acidic pH for stabilization [100].
Extraction of anthocyanins is sensitive toother process factors, as
attachment to sugar molecules and the presence of ions [101,102].
For better extraction efficiency these factors need to be optimized. As
such, Farzaneh and Carvalho [103], used response surface method-
ology (RSM) to study MAE parameters such as microwave irradia-
tion power, irradiation time and solvent/sample proportion to optimize
the method for anthocyanin extraction from Lavandula pedunculata
fresh plants. Wu et al. [104] in a research article on anthocyanin ex-
traction from powdered blueberry compared MAE with Hot Reflux
Extraction (HRE) to investigate the differences on anthocyanin degra-
dation kinetics, at the same process temperature of 30°C–70°C. They
found that MAE, unlike HRE, leads to a better extraction yield and a
lower degradation rate [69]. In the same year, Li et al. [85] utilized a
Homogenate-MAE to extract anthocyanins from blackcurrant. In op-
timal conditions, which consisted of pH 2.5, a liquid-solid ratio of
28.3 mL/g, a microwave irradiation power of 551 W, a process time
of 16.4 min, and using 60% ethanol as solvent; the extraction yield of
anthocyanins was found to be 473.7 μg/g of fruit homogenate, avoid-
ing degradation or isomerization [85]. In a research article about the
extraction of anthocyanins from purple sweet potatoes by three dif-
ferent methods, the authors concluded that the best extraction yield
was obtained with MAE (80 W for 300 s, using ethanol-tartaric acid
solvent) compared to UAE and maceration [105]. Similarly, in the
same year, ASE, UAE and conventional extraction were compared
for anthocyanin extraction from purple sweet potato, and it was found
that ASE was superior as compared to other techniques. However, for
flavonoids conventional extraction worked better than UAE and ASE
[105]. Food waste such as by-products of the wine industry and grape
juice are a rich source of anthocyanins and MAE has been applied to
extract anthocyanins from them [102].
2.1.4. Extraction of alkaloids
Because of the promising biological applications of alkaloids, there
is continuous research for the development of new extraction and pu-
rification techniques of alkaloids in recent years. Many researchers
have reported the comparison between the traditional methods of ex-
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and the novel techniques, such as MAE and SFE. The choice of the
extraction method highly affects the yield and the composition of the
extract as well as its alkaloid content. Modern techniques such as
SFE using supercritical CO2 and propylene glycol as co-solvent, and
MAE had shown certain selectivity towards specific alkaloids, such
as coptisine [106]. The use of polar co-solvents such as water and
alcohols in SFE of alkaloids always shows higher yields than using
pure CO2, this may be due to the fact that increasing solvent polarity
can increase its diffusion properties. On the other hand, pure CO2pro-
duces lower yields than any other solvent extraction method. Also,
the use of the suitable solvent mixture may have a positive effect
on the selective extraction of certain compounds or a class of com-
pounds, which will surely affect the biological activity of the extracts
[107]. For example, the yield of hyoscyamine and scopolamine was
markedly increased by the use of a co-solvent consisting of a mixture
of methanol and diethylamine (10% v/v) in the SFE of Scopolia japon-
ica at 333 K and 34 MPa [108], the authors explained that by the pres-
ence of hyoscyamine and scopolamine as hydrochloride salts in the
plant, such salts are insoluble in Sc CO2 due to its acidity and low
polarity. Moreover, the use of a basifying agent such as diethylamine
(DEA: 10%, v/v) and a polar co-solvent like water (1%, v/v) in SFE
could increase the yield of extracting isoquinoline alkaloids by about
50% of the total extract after 2 h of extraction when operated at 343 K
and 20 MPa [109].
A study was done by Gañán et al. [107] on the SFE of aerial and
terrestrial parts of Chelidonium majus for extraction of alkaloids and
other compounds [110]. The procedure involved two steps fraction-
ation, first SFE using pure Sc CO2 and the second ESE (enhanced
solvent extraction) step using Sc CO2 and a basified co-solvent mix-
ture composed of isopropanol or ethanol and DEA in a ratio of 9:1
(v/v). SFE was compared to Soxhlet extraction using ethanol and low
pressure solvent extraction with water (LPSE). Using Sc CO2/iso-
propanol/DEA mixture (ESE step) showed the highest alkaloids yield
(15.8 mg/g raw material) and highest alkaloid selectivity (508 mg al-
kaloids/g of extract) from the terrestrial parts of the C. majus, this was
obtained at a density of 881 kg/m3 (328 K/35 MPa). The use of new
extraction techniques here showed an increase in the alkaloid yields
by 8–10 times than that reported before using the traditional extraction
methods [111,112]. SFE technique is highly selective for alkaloids,
the solubility of alkaloids in Sc CO2 increases on increasing the sol-
vent density up to 813–850 kg/m3, and after that it may decrease. The
use of basified alcohol mixtures as co-solvents enhances alkaloid yield
from plant materials [110,113].
Traditionally alkaloid extraction was achieved using non-polar or
organic solvents under alkaline conditions [114–119] or using polar
solvents under acidic conditions [120,121]. Various techniques are
used for clean-up of the alkaloids such as liquid–liquid extraction
[117] and solid phase extraction (SPE) or dispersive SPE (dSPE) us-
ing various materials and solvents. Mueller et al. [118,119] used SPE
employing alkaline alumina cartridges, while Mohamed et al. [122]
used octadecyl (C18) endcapped silica, and Koeppen et al. [123] and
Malysheva et al. [121] employed strong cation exchange (SCX). Re-
cently, Oellig and Schwack [124] developed a fast screening method
for the quantification of the total ergot alkaloids in rye using pla-
nar SPE. This method showed high efficiency by concentrating tar-
get compound in a single zone, which can be easily separated from
rest of the matrix components [125,126]. The method of Oellig and
Schwack [124] used the method of Mohamed et al. [122] as a guide
for sample extraction but modifying the use of 10 mM ammonium ac-
etate buffer by 0.5 M, which produced more stable pH during extrac-
tion of ergot alkaloids and increases extraction yield. Another tech-
nique was developed in recent years for the determination of gly-
col alkaloids in potatoes based on MAE, more efficient and faster
than common methods [127]. The authors found a 37% improvement
of recovery efficiency (19.92 mg/kg) under optimal conditions
(100 W, 10 min, methanol solvent), when compared to traditional
solid/liquid extraction methods (12.51 mg/kg) [124].
Alkaloids can also be efficiently extracted with PEF and UAE
technology. Bai et al. [128] investigated alkaloid extraction yields of
Aconitum coreanum under different extraction methods, starting from
plant roots [128]. The authors found that PEF extraction and UAE are
the best methods to improve the extraction yield of alkaloids (36.25%
and 40.50%, respectively), and of these, PEF extraction has obtained
better levels of guanfu base A, a diterpene alkaloid with anti-arrhyth-
mic activity, in the A. coreanum extract [128]. Another environment
friendly method NPCE was introduced for the extraction of alkaloids
(vindoline, catharanthine, vincristine and vinblastine) from Catharan-
thus roseus leaves [31]. The extraction yield of these compounds were
compared with UAE and found to be similar, however, the yield was
found higher as compared to maceration and HRE.
2.1.5. Extraction of polysaccharides
A wide range of recent investigations are reported in the litera-
ture regarding MAE of polysaccharides from plant sources. This fact
is likely due to a number of problems with traditional methods for
polysaccharides extraction. For instance, higher process temperature
and extraction time can depolymerize and de-esterify protopectin, re-
sulting in functional property loss. Furthermore, there are many prob-
lems related to the viscosity of pectin. Solvent pH value represents an-
other problem, as pectin degrades more quickly under neutral or alka-
line conditions, so solvent pH values ranging from 1 to 3 have been
preferred. MAE offers a reduction in the solvent volume required,
and an improvement of the quali-quantitative characteristics of pectins
[129,130].
A newmethod was developed for extracting water soluble poly-
saccharides such as arabinose, galacturonic acid, galactose, etc. from
Gentiana scabra using microwave-assisted aqueous two-phase extrac-
tion [131]. Traditional extraction of these polysaccharides, through
methods such as hydrolysis and maceration, has struggled with
lengthy extraction times, high solvent consumption rates, low extrac-
tion yield, high levels of impurities and the degradation of unstable
molecules. Traditional MAE has also been evaluated, but this has
issues with impurities in the extract, resulting in complex post-ex-
traction separation procedures and thus microwave-assisted aqueous
two-phase extraction was used. The results from HPLC analysis of
the extract showed that, under optimized condition, the purity of wa-
ter-soluble polysaccharides was 78.19 ± 0.42% and the extraction
yield was 15.97 ± 0.32% for the top phase and 16.55 ± 0.13% for the
bottom phase, indicating that microwave-assisted aqueous two-phase
extraction intensifies the extraction process and improves the purifi-
cation process when compared with basic MAE or other common ex-
traction techniques [131].
Chicory roots (Cichorium intybus), characterized by high inulin
content (14.9–18.3%), is considered to be the elective matrix for in-
dustrial inulin extraction. Inulin is used in both food and health prod-
ucts, as a prebiotic, appetite regulator and as a protective agent for
the intestinal tract [132]. For inulin extraction, PEF has been found to
be the most efficient extraction method among other non-conventional
extraction techniques, such as UAE, EAE, MAE and SFE [133]. As
far as PEF inulin extraction is concerned, inulin extraction yield is bet-
ter than that of the conventional extraction method at 80°C, with the
improved yield of PEF methods running at lower temperatures rang-
ing from 30°C to 60°C [134]. Authors concluded that the reduction
of the PEF process temperature offsets the higher energy consump-
tion of the method itself, giving rise to net savings [134]. In 2013,
the same research group confirmed conclusions obtained in the pre-
vious study and added an ultrafiltration system to the PEF system,
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2015, Zhu et al. [136] continuing their research on possible alterna-
tives for inulin extraction, coupled PEF treatment and ohmic heating
to obtain faster permeabilisation of the chicory tissue [136].
Seaweed is also a good source of polysaccharides. Recently, Wu
et al. [137] described EAE extraction using α-amylase from Thermo-
coccus sp. HJ21 of polysaccharides from Gracilaria lemaneiformis.
The extraction conditions were 95°C, pH 5, 40 min, and enzyme
amount of 6000 U/g, obtaining a polysaccharide extraction yield of
49.15%. Moreover, the extract demonstrated strong hydroxyl radical
scavenging activity [137].
2.1.6. Extraction of carotenoids and saponins
Carotenoids are broadly distributed in plant-derived foods, and
constitute the main dietary sources of Vitamin A. Further, intake of
carotenoids is associated with the reduction of several health problems
as cancer, age-related macular degeneration, and cardiovascular dis-
eases [138], among others, Roohinejad et al. [139] used an oil-in-wa-
ter microemulsion in combination with PEF treatment to avoid the use
of organic solvents, since previous findings demonstrated the ability
of microemulsion to protect carotenoids and to improve the selective
extraction of various bioactive molecules. Under optimum conditions
(extraction time 49.4 min, temperature 52.2°C, field strength 0.6 kV/
cm, pulse duration 20 μs, treatment time 3 ms), the extraction yielded
a microemulsion with β-carotene concentration as 19.6 μg/g, which
could be used as a promising vehicle for fortified foods and food sup-
plements [139]. In addition, the use of MAE, UAE, and EAE, have
been used for the recovery of different carotenoids from tomato pro-
cessing by-products [140].
Enzymatic treatments have long been used in fruit juice produc-
tion, to increase the quality and quantity of extract. In recent years,
EAE has been more extensively applied to plant matrices for improv-
ing the yield of compounds of interest [90]. As such, growing demand
for green food additives has given rise to EAE applications in the ex-
traction of natural colorants from plants. For instance, EAE has been
used to extract a carotenoid-rich fraction from red chili pepper (Cap-
sicum annuum) with the highest carotenoid content of 30.37 mg/100 g
fresh weight [141]. The enzyme mix used consisted of pectinase (from
Aspergillus niger), viscozyme L (from Aspergillus aculeatus), and cel-
lulase (from Trichoderma reesei), with an enzyme/mash ratio of 0.10,
0.20, 0.30%. Results indicate that the highest dose of viscozyme L
gave the best recovery yield, not only for carotenoids, but also for to-
tal phenolic compounds and flavonoids [137].
Another study aimed at the extraction of plant secondary metabo-
lites was conducted by Lu et al. [142], focused on ginsenoside
saponins from ginseng roots (Panax ginseng). Conventional method-
ologies, such as hot reflux extraction, could generate methyl deriva-
tives through the employment of methanol solvent in the extraction
of the saponins. The results indicate that pulsed electric field com-
bined with a β-glucosidase treatment has a better ginsenoside ex-
traction yield (38.15 ± 1.84 mg/g), compared to hot reflux extraction
(31.98 ± 1.51 mg/g), microwave-assisted extraction (23.24 ± 1.10 mg/
g), and ultrasonic-assisted extraction (27.53 ± 1.66 mg/g) [142].
2.2. Strategies for designing extraction process
For efficient extraction outcomes, not only the type of extraction
methods used but also the factor consideration and their linear, qua-
dratic and interactive effects are of great value for understanding their
effect on responses and to maximize the compound yield while mini-
mizing the energy loss and solvent consumption which ultimately add
to the economic value. Various factors based on the solvents, raw
materials and extraction method used need to be considered for opti
mum extraction design (Table 1) and few of them are discussed be-
low.
2.2.1. Solvent selection
Selection of solvent should be in accordance with the chemical
nature of the targeted compounds. For instance; polar solvents such
as ethanol, methanol, ethylacetate, etc. are used for extraction of hy-
drophilic components in plants, whereas non-polar (or apolar) sol-
vents, i.e. hexane, ether, petroleum ether, etc. are preferred for ex-
traction of lipophilic secondary metabolites [143]. Although water is
the cheapest and non-toxic solvent, however it is a good medium for
growth of mold and bacteria. Besides, it may cause hydrolysis or de-
composition of plant metabolites and requires a high temperature to
evaporate from extracts. Ethanol and methanol are beneficial solvents
for extracting alkaloids, flavonoids, terpenes, glycosides, and color-
ing compounds, but they are no able to dissolve polysaccharides, tan-
nins, gums, and waxes and also these are inflammable. When select-
ing a solvent for extraction, the following parameters should be taken
into consideration such as solvent power, boiling point, reactivity, vis-
cosity, recovery, vapor pressure, safety, toxicity and cost. Selection
of solvent is not only depending on the nature of compound being
extracted, but also on the extraction process and its end use. For in-
stance, in case of MAE, in order to choose the best solvent, the sol-
ubility of desired molecules and the dielectric properties of the sol-
vent must be considered. Non-polar solvents are usually character-
ized by low dielectric constants, and therefore are not suitable for mi-
crowave extraction, while polar solvents are widely used due to high
dielectric constants which permit a better absorption of microwaves.
Nevertheless, there is a contrasting opinion, called “broken cell-wall
theory”, which supports microwave transparent solvents (of the non-
Table 1
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polar variety) for use in MAE [144]. Despite these differences in
opinion, both polar and non-polar solvents have successfully been
used in microwave extraction. In fact, direct heating of the plant
microwave-absorbing matrix can be applied to extract thermo-sensi-
tive compounds, which liberates target compounds to the surrounding
non-polar solvent, colder than the polar solvent. In other cases, polar
solvents can be the best choice, as a polar solvent brought to boiling
point can better extract those compounds which are not damaged by
high temperatures. Solvent mixtures can be used to modulate the se-
lectivity of extraction, and any dried plant tissues must be re-hydrated
to increase their dielectric susceptibility and provide a better yield.
Alternative solvents: There is a growing interest for using green
extraction solvent, which is devoted to the environmental friendly
nature and can meet both industrial and economical demand [145].
For this reason, the use of natural deep eutectic solvents (NADES)
as a green alternative to conventional solvents has been originated
[146]. NADES present a new generation of liquid salts, which involve
the use of cheap and readily available components, such as choline
chloride which is a non-toxic quaternary ammonium salt together
with natural uncharged compounds such as alcohols, amines, vita-
mins, carboxylic acids and sugars which are hydrogen-bond donors.
Those compounds provide a ‘green profile’ and have good prospects
for wider use in the field of green technologies [147]. For instance,
ChMa (choline chloride plus malic acid) could be selected as the most
promising solvent for anthocyanins extraction from wine lees, as com-
pared to conventional solvents [148]. Deep eutectic solvents (DESs)
were also used for extraction of natural compounds which are com-
posed of low-transition temperature mixtures (LTTMs) consisting of
both hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA)
bioorganic molecules [149]. These were found to increase the extrac-
tion yield of compounds [150].
Aqueous solutions of cyclodextrins (CDs), a group of water-sol-
uble cyclic oligosaccharides that have truncated cone shape possess-
ing hydrophobic cavity [151], is another alternative green solvent as
it forms an inclusion complex with non-polar compounds which are
named guests by receiving them in their cavities [152]. Cyclodex-
trins enhanced the extraction of polyphenols as the radical scaveng-
ing activity of the deionized water extract was 75% while β-CD and
HP β-CD showed 83% and 86%, respectively [153]. CO2 is also
used as an alternative solvent, but its use is limited, as it requires spe-
cialized instrumentation for operations. In SFE the CO2 is commonly
used as supercritical fluid and has several advantages such as being
inert, non-toxic enables extraction at low temperature and pressure.
However, CO2 has the drawback of being weak solvent in extracting
highly polar compounds, including phenolic compounds, and this is
because it is a nonpolar and lipophilic solvent [154]. This drawback
could be overcome by using a co-solvent, such as ethanol–water mix-
tures which found to be very effective in extracting anthocyanins from
elderberry fruits and catechins from tea leaves [155,156]. On the other
hands, ionic liquids (ILs) were used as green solvent and were em-
ployed in sample pretreatment techniques, like liquid–liquid extrac-
tion [157,158], headspace solid-phase microextraction [159–161] and
aqueous two-phase system extraction [162,163]. On comparing the
performance of IL (sodium chloride) with that of acidic water extrac-
tion and organic solvent extraction under UAE and HRE, the extrac-
tion efficiency of HRE was comparatively lower than that of UAE,
and cost more time and energy (100°C and 2 h for aqueous solution).
In case of UAE, acidic water was the most common and inexpen-
sive solvent, but its average extraction efficiency of alkaloids is only
67.13%. Sodium chloride was better solvent as the addition of salt
enhanced the process of ion exchange that may make it easier for
alkaloids to diffuse into the liquid phase. The results indicated that,
comparing with the regular solvents and techniques, the proposed ap
proach turned out to be with higher extraction efficiency and shorter
extraction time [164].
2.2.2. Particle size and its shape
Another important factor to improve the extraction recovery rate is
plant particle size, which must be very small (ranging from 100 μm to
2 mm) to increase the contact surface area of sample with solvent [48].
Moreover, the particle size depends on the grinding efficiency or tech-
nique used, and thus affects extraction effeiciency [7]. For example,
when particle size of clove buds reaches up to 0.1–0.5 mm, eugenol
is extracted 60% more as compared to using entire clove buds [165].
When the particle size is smaller, it provides more surface area for the
solvent to penetrate, for cell disruption and mass transfer, thereby im-
proving extraction [166]. As detailed by Vinatoru et al. [7], the shape
of the vegetal particle is also important. The irregular shape of the
particle after suspended in the solvent becomes more rounded and
smoother. The particle is surrounded by solvent stagnant layer and dif-
fusion of plant components starts, which depends on the type of sol-
vent and extraction method.
2.2.3. Drying condition
Moisture content in the plant sample played crucial role in deter-
mining the final concentration of the compound and/or extract yield.
Various drying techniques have been frequently used during extrac-
tion process of compounds, such as, sundrying, shade drying, air dry-
ing, oven drying, microwave drying and freez drying. Proper drying of
the sample not only provide better yield but also improve the self life,
reduce microbial growth and enzymatic activity, thus improved the
storage capacity of the plant sample [167]. Various studies have been
conducted on finding the suitable drying method based on the plant
sample and compound of interest. As such, shiitake (Lentinus edodes)
mushroom have been studied for amino acid and sulfur compounds
concentration under hot air, vacuum, microwave and microwave vac-
uum drying conditions [168]. Among these microwave vacuum drying
method was found to be superior in maintaining amino acid concen-
tration and also in improving nutrient content and color attributes. In
another study, Helicteres hirsute stem was processed for extraction of
polyphenolic content and antioxidant activity under different drying
conditions (hot air, low temperature air, infrared and vacuum drying).
Hot air drying at 80°C was found to be best in extracting polypheno-
lics with significantly higher yield as compared to other drying meth-
ods [169]. However, no single drying method is universally accepted
for various plant material or bioactive compound. For instance, for
higher yield of polyphenols and antioxidant activity, infrared drying
at 30°C was found best for Phyllanthus amerus whole plant [170].
Drying will also affect the specific bioactive compound concentration
from a single plant sample. For instance, pomegranate peel was dried
using freez and oven drying. The yield of punicalin was found higher
with oven drying at 60°C, however, freez drying results in higher
catechin and epicatechin concentration. Also, freez drying results in
higher total phenol, tannins and flavonoid concentration. Moreover,
oven dried at 40°C results in better yield of Vitamin C as compared
to other drying conditions [171]. Botanical extraction were generally
used either fresh or dried sample. Variation in bioactive compounds
concentration between fresh and dried sample have been reported. For
instance, gingerol content was found to be reduced during drying as
compared to the free sample of Ginger using SFE [172].
2.2.4. Extraction technique
The extraction yield not only depends on the raw material and sol-
vent characteristics but also the type of extraction method used and
its process factors that govern the quality and quantity of the com-
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(plant part), economic value, availability and its uses, extraction
method is being selected. E Silva et al. [173] reported that the best
extraction of fatty acids such as myristic, palmitic, stearic, oleic, and
erucic acids was achieved with UAE with water for three cycles, us-
ing ethanol-chloroform-water-Na2SO4 and ethanol as solvents. For
phytosterol extraction, a hyphenated technique of dual ultrasound-as-
sisted dispersive liquid–liquid microextraction combined with mi-
crowave-assisted derivatization, has been recently demonstrated to
be very efficient [174]. On the other hand, MAE was also found
to be superior to traditional extraction methods in terms of better
yield of polyphenol extraction [175,176]. Consistently, microwave-as-
sisted hydrodistillation (MAHD) and solvent-free microwave extrac-
tion (SFME) were reported to be significantly advantageous over
the conventional hydrodistillation for essential oils in many studies
[177,178]. Besides, Dai et al. [179] displayed that MAE was supe-
rior in comparison to room temperature extraction, reflux temperature
extraction as well as UAE in extracting aromatic components from
peppermint (Mentha piperita L.) leaves. The instrument set-up is also
important in determining the extraction efficiency and also to make
sure its optimum utilization. For instance, for proper extraction under
UAE, the position of extraction vessel needs to be considered to ob-
tain maximum cavitation. Considering all these factors and its levels
for optimization of extraction conditions is a tedious task, in which
not only the number of experimental run increases but also the inter-
active effect cannot be determined. To overcome from these limita-
tions of univariate analysis (one factor at a time), multivariate analy-
sis was considered for optimization. Various statistical models and de-
sign such as, differential evolution technique (DET), response surface
methodology (RSM) and neural networks (NN) have been frequently
used in botanical extraction and few of them are discussed below.
2.2.4.1. Response surface methodology (RSM)
RSM is a statistical method which uses multifactorial approach for
optimization of complex processes [180]. It gives a free space wherein
the experimental terms were defined based on the response value and
the level of each factor can be adjusted according to the requirement
of the experiment (Supplementary Fig. 1). The factor terms are known
as independent variables and the responses are defined as dependent
variables (i.e. depend on the independent variables).
For performing systematical/effective botanicals extraction, vari-
ous steps need to be taken as shown in Fig. 3. The first step is to
Fig. 3. Systematical design of extraction process for better results.
screen all the independent variables which directly influence the de-
pendent variables of choice. The screening is based on the linear effect
and follows first order equation as:
Y = β0 + Ʃ βiXi
i = 1
where, β0 is a constant term, βi is coefficient of the linear parameters,
Xi represent the variables. Here the interactive effect is not considered.
Plackett-Burman design (PBD) used first order equation to screen fac-
tors.
After selecting significant factors, the second step is to define the
level of each significant factor and select the possible design for sec-
ond order model (Fig. 4). Second order model tests factor levels at
three levels (lower, middle and higher; −1, 0, 1) and followed equation
as:
where, Y is the response variable, β0 is the constant, βi is the linear
regression coefficient, βii is the quadratic coefficient, βij is the interac-
tion coefficient, Xi, Xi
2 and Xij is the linear, quadratic and interactive
terms.
Based on the first order model, the selection of second-order model
depends on regression coefficient of individual factors. Two types of
models are generally used and discussed below:
(a) Central Composite Design (CCD)
CCD tested factor levels at extreme (higher or lower) and also
giving options to test factors at a distance ‘α’ from its center
(Supplementary Fig. 2a). Each factor can be varied over 3 or 5 levels
includes axial, factorial and central points. Here the experimental run
was in a combination of factor levels consist of at least one experi-
ment at higher and one experiment at lower level of each factors. CCD
model will be selected if PBD model showed all significant factors
having negative/positive regression coefficient values. Extraction of
various compounds has been successfully optimized using this model
(Table 2).
(b) Box-Behnken Design (BBD)
For BBD model factor levels were varied over 3 levels and also
lesser experimental work is required as compared to CCD. The BBD
design experimental runs will allow to test factors at least one at center
point (0) (Supplementary Fig. 2b), hence selected for model wherein
the regression coefficient value of all factors in first order model does
not come either positive or negative. Various extraction optimization
models used these second order design either directly or after screen-
ing factors (Table 2).
2.3. Selection between good and excellent
The traditional solvent extraction methods which were applied for
extracting natural bioactive compounds have many limitations, for ex-
ample they need prolonged working times, being exhausting proce-
dures, using hazardous solvents and the obtained extracts have low
yields. There is continuous need for improving extraction techniques
through finding non-conventional extraction methods that achieve
higher extraction efficiency at low temperature, short extraction time
and reduced solvent and energy consumption. However, these tech-
niques have limitations in terms of higher cost of operation, com-
pound degradation, and large-scale operations, besides many others.
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Fig. 4. Trends for the extraction of compounds using different extraction processes. (a) anthocyanins, (b) polyphenols, (c) alkaloids, (d) flavonoids, (e) polysaccharides, (f) oils, (g)
carotenoids, (h) saponins.
many factors, such as-physicochemical properties of compound and
solvent, economical value of compound, environmental concern, etc.
Moreover, there is no such extraction technique that has all the advan-
tages without limitations. The comparison between extraction tech-
niques w. r.t different parameters are shown in Table 3 and are dis-
cussed below.
In comparison to conventional extraction methods, the advanced
extraction methods provide a shorter process time and greater effi-
ciency. Also, it has been reported that the combined effect of differ-
ent factors such as temperature along with ultrasonication is much
more effective than using a single factor alone [181]. However, these
techniques not only appear to be advantageous over conventional, but
also sometimes induce degradation of compounds. For instance, ul-
trasonication produces reactive oxygen species during cavitation and
results in degradation of the compounds. As such, the degradation of
compounds under UAE is largely dependent on the presence of hy-
droxyl ketone and unsaturated double bonds [10], which are sensitive
to free radical reactions under UAE, thus affecting stability. Higher
number of hydroxyl group present in a compound accelerates degra-
dation while glycosylation and presence of sugar promote recovery
of compounds under UAE [9,182]. On the other hand, MAE has the
advantage of providing homogenous heating. For instance, MAE re
duces the extraction time up-to 75–80%, saves energy up-to 25–50%,
decreases waste and reduces footprint up-to 50–90% and many oth-
ers [183]. However, MAE conditions are not compatible with the ex-
traction of thermolabile compounds, and so vacuum microwave ex-
traction was recently developed to provide a microwave-assisted ex-
traction method with a lower reactor temperature. In 2012, Xiao et al.
[184] used MAE in a low temperature vacuo environment to ex-
tract thermo-sensitive and oxygen-sensitive compounds: vitamin C,
β-carotene, aloin A and astaxanthin. The authors concluded that, com-
pared to MAE and a common solvent extraction method, the vacuum
MAE system was characterized by a better extraction [184]. In con-
clusion, the main advantages of MAE are improved extraction rates,
reduced or eliminated use of solvents and reduced extraction time,
resulting in decreased costs and environmental impact. Due to these
strong benefits, MAE is considered as a good alternative to traditional
extraction processes (such as solid-liquid extraction) for the extraction
of plant metabolites. However, the efficiency of microwaves is very
poor when targeted compounds are non-polar or volatile, therefore,
as mentioned above, innovative approaches are needed for overcome
these shortcomings.
PEF has advantages over other techniques that result in both a de-
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Table 2
A few examples of optimization model used so far for bioactive compounds extraction











Alkaloids UAE CCD [219]








Flavonoids UAE BBD [222]
5 Stepharia
sinica
Alkaloids MAE BBD [223]
6 Areca catechu Polyphenols UAE CCD [224]





Anthraquinones UAE BBD [226]
9 Apricot beta-carotene SFE CCD [227]
10 Eclipta
prostrasta
Saponins UAE BBD [228]
11 Puerariae Radix Puerarin UAE BBD [229]
12 Berberis
asiatica
















16 Apple Polyphenols PLE CCD [234]
17 Potato Alkaloids PLE CCD [235]
18 Catharanthus
roseus
Alkaloids EAE BBD [35]
19 Tricholoma
matsutake
Polysaccharides EAE CCD [236]




Anthocyanins PEF CCD [238]
22 Hippophae
thamnoides
Oil carotenoids SFE CCD [239]
23 Xanthoceras
sorbifolia
Saponins MAE CCD [240]
MAE = microwave assisted extraction, UAE = ultrasonic assisted extraction,
SFE = supercritical fluid extraction, PEF = pulsed electric field, PLE = pressurized
liquid extraction, EAE = enzyme assisted extraction, CCD = central composite design,
BBD= Box-Behnken design, PBD= Plackett-Burman design.
and improving environmental impact, thus making PEF an interest-
ing potential treatment in extracting bioactive compounds from a va-
riety of different matrices [185]. However, with our current degree of
understanding PEF presents two main problems for industrial appli-
cations. First of all, the non-uniform nature of the ideal distribution
of the electric pulses, and secondly the pool of suitable solvents is
very limited. Furthermore, an additional cooling system is necessary
to control the potential heat generated by high-intensity PEF treat-
ments when extracting thermolabile compounds [186].
EAE is a very useful method for obtaining extracts for use in the
food industry. However, it has severe limitations due to the different
behavior of enzymes at different process conditions and the limit in
commercial availability of certain enzyme types; indeed, often the en-
zymes on the market are characterized by low selectivity and low vari-
ability. These are major obstacles to the scale-up of the EAE process
on the industrial level [19]. Another emerging technique for extrac-
tion that is considered as a powerful alternative to the conventional
methods is the PLE [82]. PLE has many advantages such as, that
it can use water, hydrophilic or even organic solvents for extraction
and it can operate at a pressure between 100 and 600 MPa at a tem-
perature ranging from 20 to 60°C, such conditions are suitable for
extraction of thermo-labile and unstable compounds [82]. PLE has
easy automation, shorter analysis time, higher repeatability, smaller
amount of solvents, lower risk of using toxic solvents and keeping the
samples in a light- and oxygen-free environment [43].
Many other extraction techniques were developed to improve ex-
traction efficiency from plants, among which SFE has the advan-
tage of not requiring an alternative energy source c. f. microwave
and ultrasound assisted extraction. Moreover, SFE is a modern and
eco-friendly technique for extraction of bioactive compounds from
plants. Subcritical water has also the advantage that its dielectric con-
stant is variable under variable conditions. However, there are two
limitations on using SFE, the first is the need of high temperature to
reach the subcritical condition and this might cause destruction the
bioactive natural compounds, and the second is that the low efficiency
of subcritical water in extracting the different classes of compounds
[187]. For these reasons, ethanol may be used instead of water espe-
cially because the supercritical or subcritical temperature of ethanol is
much lower than water and also it is a somewhat safe solvent for hu-
man [188]. The scaling of extraction methods to industrial scale is not
an easy task as there are some disadvantages in term of insufficient
recovery, degradation due to excessive heating and extraction time,
which ultimately results in high-energy consumption [189].
2.4. Special emphasis on oil extraction from botanicals
Conventional methods, using organic solvent for extraction is the
most common method for preparing natural oils as the pine kernel oil
[190] others uses mechanical processing [191]. However, the high cost
together with the effect on environmental pollution, due to the organic
solvents used threatening human's life, limited the use of conventional
methods.
Among the different solvents used for oil extraction, hexane-ex-
traction proved to be the best for nutraceutical and pharmaceutical
value. Being a petrol-sourced compound, it has a negative impact on
health, classified under C.M.R. (carcinogenic, mutagenic and repro-
toxic) solvent and also found to be explosive. Moreover, hexane has
been classified as C.M.R. (carcinogenic, mutagenic and reprotoxic)
solvent. Additionally, applying high temperatures during hexane-ex-
traction could affect the quality of extracted oil [192,193]. The haz-
ards of the organic solvent residues limited the use of the conven-
tional extraction methods and enforced the need for the development
of environmentally friendly, economical extraction methods to re-
place conventional techniques. As such, aqueous enzymatic process-
ing (AEP) has been recently applied for extracting the edible oil from
various seeds, this method is characterized by being safer for health
and cleaner for the environment so it can be alternative for traditional
methods for oil extraction [194]. During the last decade's recommen-
dation for the use of mixture of enzymes for extraction and improving
quality of oil was proposed [195]. Results evidenced that enzymatic
hydrolysis causes the cell wall lysis under mild temperatures, leading
to higher permeability facilitating the oil extraction and minimizing
solvent hazards. As per the six principles defined by Chemat et al. [2],
this method provides an alternative method for green extraction. AEP
depends on enhancing the oil permeability through the degradation of
the cell walls that is caused by the enzymes; however the permeability
of the cell membrane can be further increased by application of mi-
crowave [194], ultrasound [196] or heating [197] during AEP. Joining
these strategies together shows more power in debasement of the cell
wall destruction and increases the mass transfer between the enzyme
solution and the plant lattice facilitates the oil release, enhancing oil
yield, and shortening handling time [198,199].
Chen et al. [200] developed a novel extraction design, which in-
cluded a homogenate-circulating ultrasound in combination with










Trends in Analytical Chemistry xxx (2018) xxx-xxx 13
Table 3
Comparative study of different extraction techniques under different parameters.
Parameters Maceration
Soxhlet

































Heat applied Above 31°C Heat applied If required,
heat applied
Applied (water bath) Applied Not applied
Duration 2-5 days 2-18 h Up to 1 h 1-40 min 1 h (max.) 1-12 h 1-2 h Few seconds
Volume of
solvent




Pressure Not applied Not applied Applied Not applied Not applied Not applied Applied Not applied
Plant part
preferred
Any plant part Seed and fruits in
particular











Not available Possible Possible
Green
Extraction
Not possible Not possible Possible Possible Possible Possible Possible Possible
MAE = microwave assisted extraction, UAE = ultrasonic assisted extraction, SFE = supercritical fluid extraction, PEF = pulsed electric field, PLE = pressurized liquid extraction,
EAE = enzyme assisted extraction.
from the kernels of Pinus pumila. The effect of enzyme type, sin-
gle enzyme or mixture of three enzymes, cellulase, hemicellulase and
pectinase, as well as the enzyme concentration was evaluated. Latif
and Anwar [201] reported that the type of the chosen enzyme and its
concentration is crucial for oil extraction, as various enzymes function
via different hydrolytic mechanisms. For instance, cellulase, hemicel-
lulase and pectinase can damage cell walls besides destroying cell
structural integrity. Furthermore, several proteins which are present
in cells are capable of surrounding the oil molecules, thus preventing
the release of oil molecules and protease may be used which have an
impact on the breakdown of protein networks of oleosin-based mem-
branes which envelopes the lipid bodies resulting in better oil release
from lipid bodies.
Another alternative method to the traditional solvent extraction for
oil is the MAE. MAE was used for extraction of many oils such as
olive oil from dry olive pomace; the authors in this study employed
a modified domestic microwave oven for extraction of the oil [202].
MAE provided an efficient method for extraction of oils in short time
through destroying the cell walls of the plant tissues by its fast heat-
ing mechanism [203,204], and has proved many benefits such as the
higher yields of the extracted compounds [204,205], lower oxidation
[206] and lesser consumption of solvents [207]. Driven by a need to
be environmentally friendly, solvent-free MAE techniques have been
developed. It uses internal water of the plant cells to heat up by mi-
crowave and leads to rupture cell wall, causing a release of both es-
sential oils and internal water to the plant matrix, without adding any
water or solvent. To separate the fatty phase, which contains essential
oils and non-polar molecules, from the aqueous phase, which contains
the polar compounds, Chemat et al. [208] developed and patented a
Microwave Hydrodiffusion System in 2008. This system is composed
of a microwave connected to a cooling system, which separates es-
sential oils without the need for distillation (a very expensive step in
terms of money and energy) (EU patent number: EP1995749A1). In
2012, Lee et al. [209] patented a similar apparatus, which differs from
the Chemat patent by the addition of an inert gas flow (helium or ni-
trogen), which allows for better transposition of volatile molecules
out from the oven and into the cooling system (US patent number:
US8282789B2).
Yanik [210] used MAE in the preparation of olive oil from its wet
pomace and compared its yield and characteristics with the oil pre-
pared by the conventional extraction method (CE). On comparing the
different parameters, the color of MAE oil was almost yellow, while
it comes in dark green color under CE condition, which may be due
to the effect of the high temperature and longer extraction time during
CE condition as compared to MAE. Also, the quality of oil in terms of
free fatty acid under MAE was found significantly higher as compared
to CE. Lower peroxidase value of oil under MAE was also reported
[210].
The advanced extraction method as compared to conventional pro-
duce higher yield and quality of oil (Table 4). For instance, the olive
pomace oil extracted by UAE had higher quality and yield than that
by SE. This could be attributed to the high temperature applied in
SE affecting bioactive compounds. In addition, UAE method provides
lower operating temperature and shorter extraction time leading to
saving energy and achieving olive pomace oils both with high ac-
tivity and rich in bioactive compounds. Also, pretreatment effect of
microwave was found to increase the oil extraction yield from rape-
seed, hazelnuts, flaxseed and purslane seed [203,211–213]. SFE is an-
other alternative and effective method for oil extraction. This method
avoids degradation of thermolabile compounds and hydrosolubiliza-
tion or hydrolysis of sensible compounds. For instance, remarkable
differences were detected among the essential oil composition and the
corresponding SFE extracts. The composition and percentage of com-
pounds such as α-pinene and 1,8- cineole were comparably different
and higher under SFE [214].
PLE technique has also been used to extract aromatic compounds
and to isolate essential oils from plant materials [215]. This technique
was reported as fast, clean and highly efficient for extraction of es-
sential oils. Eikani and co-workers reported the essential oil extraction
yield from Cuminum cyminum at 150°C under PLE green extraction,
which was comparable to SE and hydrodistillation [216]. Similar re-
sults were obtained comparing PLE with conventional methods for the
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Table 4
Comparative study of oil extraction using different extraction techniques.






















































































































2.5. Trends of extraction techniques: compounds, plant parts and
patents
The trends of bioactive compounds extracted under different ex-
traction methods were determined using Scopus database (https://
www.scopus.com/) search as per the defined parameters (Table 5).
Among all the potential bioactive compound classes included in this
review, flavonoids are the most frequently extracted. Flavonoids are a
larger group of bioactive compounds, divided into several subclasses
such as flavonols, flavones, isoflavonoids, flavanones, flavanonols,
flavans and anthocyanidines, which have wider applications and thus
are extracted most often. Oil extraction showed the highest num-
ber of papers, due to its higher commerce value and wide numbers
of compounds (Fig. 4). It is interesting to see that Soxhlet extrac-
tion technique showed higher or similar number of papers for extrac-
tion of different compounds. This is due to the fact that Soxhlet is
a widely used old method c. f. advanced one. Among advanced ex-
traction techniques, most of the compounds are better extracted with
SFE. It is the most advanced extract preparation technique, which re-
sults in higher quality of the extract with minimum environmental
lose. For instance, oils, alkaloids, carotenoids and anthocyanins are
mostly extracted through SFE technique (Fig. 4). These compounds
are in higher demand, and also some of them are sensitive to process
factors, thus need to be extracted in high quality with minimum loss,
possibly with SFE. Other than SFE, which is of high processing cost,
MAE is used extensively for extraction of these compounds, due to
its flexibility, and it's fast, easy and low cost of operations. It has also
Table 5
Parameters used during the search for articles in Scopus (www.scopus.com).
Search parameters Operational Settings
Search term text i) “Soxhlet”, “Supercritical fluid extraction”, and
so on for individual parameters (Table 6 for
Patents)
ii) “Soxhlet” AND “Anthocyanins”,
“Supercritical fluid extraction” AND
“Anthocyanins”, and so on for individual
parameters (Figure 6 for chemical class and
extraction method)
iii) “Soxhlet” AND “Roots”, “Supercritical fluid
extraction” AND “Roots”, and so on for
individual parameters (Figure 7 for extraction
method and plant parts)
iv) “Anthocyanins” AND “Roots”,
“Anthocyanins” AND “Rhizomes”, and so on
for individual parameters (Table 7 for chemical
class and plant part)
Search field type Article title, Abstract, Keywords
Date range All years to present
Subject Areas All
Document type Patents for (i) and Articles for others
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the advantage to be useful for both polar and non-polar compounds.
Among all compounds, anthocyanins, polyphenols, flavonoids and
saponins are largely extracted by using MAE technique (Fig. 4). De-
spite being an older technique, the UAE is not widely used for the
extraction of compounds c. f. MAE and SFE techniques. The possi-
ble reason could be the failure of instrumentation set-up when upscale
to pilot or industrial use. Furthermore, the UAE process is non-linear
and has degradation issues related to compounds prone to free radi-
cal reaction, thus losing its acceptability in some cases. Other extrac-
tion techniques such as EAE, PLE and PEF are new techniques, and
have lower acceptability. Among these, PLE is being used extensively
in the extraction of compounds due to its fast and environmentally
friendly process and having the flexibility to optimize process factors
w.r.t. EAE and PEF. However, EAE depends on the enzyme type, con-
centration, kinetics and conditions, thus limiting its use. Similarly, a
limited amount of solvents is currently being used under PEF, thus
leading to lower acceptability. This has been also noted when analyz-
ing data on the number of patents registered so far on using these tech-
niques for extraction of compounds (Table 6). Interestingly, PLE tech-
nique registered a much higher numbers of patents c. f. UAE, EAE and
PEF. SFE secured higher followed by MAE, while Soxhlet was found
to be the most patented technique for extraction of compounds.
Table 6
Patents registered so far for the extraction of compounds using different extraction tech-
niques.
Extraction method Short form No. of patents
Soxhlet Soxhlet 33,753
Supercritical fluid extraction SFE 7550
Microwave assisted extraction MAE 637
Ultrasonic assisted extraction UAE 66
Enzyme assisted extraction EAE 28
Pressurized liquid extraction PLE 158
Pulsed electric field extraction PEF 8
Source: Scopus (accessed on August 4, 2017).
Regarding the type of plant part being used for extraction of com-
pounds, Soxhlet extraction method comes as highly used method for
extraction of compounds including all plant parts (leaves, roots, rhi-
zomes, bark, fruits and flowers), which may be due to its earlier dis-
covery than advanced techniques (Fig. 5). Among the advanced ex-
traction techniques, SFE secured highest position in terms of publica-
tions dealing with the extraction of compounds from different plant
parts and leaves showed higher number of papers (Fig. 5). In total, ex-
traction of compounds from leaves showed the highest number fol-
lowed by fruits, root, bark, flowers and rhizome (Fig. 5). The accumu-
lation of different compounds varies among different plant parts, thus
influencing extraction trends. As such, fruits are better known as a
source for anthocyanins, polyphenols, polysaccharide and carotenoids
extraction, while leaves contain more alkaloids, flavonoids, oils and
saponins (Table 7).
3. Conclusion and future prospective
Trends of extraction techniques have been changing, as more ad-
vanced techniques that utilize green extraction concept have been
emerging. The advantage of such techniques has been immense in
producing good quality yield, lesser solvent and energy consump-
tion and shorter extraction time. However, advanced extraction meth-
ods have limitations in scale-up to pilot or industrial purposes. The
value changes and the laboratory-based experimentation conditions
are mostly not optimized for industrial use. Thus, development of eco-
nomically feasible industrial extraction methods and instruments for
mass extraction is the need of the hour.
The development of cost-effective and eco-friendly extraction
methodologies for greater recovery of bioactive compounds at lesser
process time from natural sources is the main objective of modern an-
alytical research. However, no single extraction technique was found
effective for extraction of all compounds. Thus the most suitable ex-
traction technique depends on plant matrices and compound type, and
defined selection criteria should be followed. In addition, combining
extraction methods often has advantages to overcome the limitations
of an individual method. On the other hand, strategies for high effi
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Table 7
List of papers dealing with chemical compounds extracted using different plant parts.
Chemical classes Roots Rhizomes Leaves Bark Fruits Flowers
Anthocyanins 1108 46 3041 151 7284 2276
Polyphenols 1822 278 5382 815 7780 748
Polysaccharides 2902 237 2650 333 3043 449
Alkaloids 6428 744 8482 2932 2174 1183
Flavonoids 5693 805 14,904 2556 10,483 3739
Oils 9472 1378 18,519 2069 15,714 4771
Carotenoids 1971 56 5077 89 6257 945
Saponins 3850 881 4546 1261 1348 649
Source: Scopus (accessed on August 4, 2017).
ciency extraction and the need for reuse/recycling of the solvents used,
is always associated with high operating costs and energy consump-
tion. Accordingly, the search for alternative green extraction meth-
ods is of great importance for effective and economical yield of com-
pounds with lesser negative environmental impacts. Convenient sep-
aration of chemical constituents requires the use of organic solvents,
but serious concerns are always raised on using low boiling point and
hazardous solvents, which may be related to storage, toxicity, flamma-
bility and worker exposure. As a consequence, the search for innova-
tive and safe extraction processes, with the aim of maximizing extrac-
tion efficiency and safety is highly relevant.
In this review, we have summarized the recent development on the
advanced techniques for extraction of botanicals. With the increasing
demand of plant based natural products for drug discovery, develop-
ment of functional foods or nutraceuticals and cosmetics, newer meth-
ods of extractions and their optimizations might be developed in fu-
ture. These techniques should focus on their application on extraction
of various chemical classes of compounds in economical and environ-
ment friendly ways and wider industrial application to meet future de-
mands.
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